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A B S T R A C T
The curing reaction of thermosetting resins is associated with chemical shrinkage which is overlapped with
thermal expansion as a result of the exothermal enthalpy. Final material properties of the polymer are de-
termined by this critical process. For adhesive anchor systems the overall shrinkage behavior of the material is
very important for the ultimate bond behavior between adhesive and the borehole wall. An approach for the in-
situ measurement of 3-dimensional shrinkage and thermal expansion with digital image correlation (DIC) is
presented, overcoming the common limitation of DIC to solids. Two polymer-based anchor systems (ﬁlled epoxy,
vinylester) were investigated and models were developed, showing good agreement with experimental results.
Additionally, measurements with diﬀerential scanning calorimetry (DSC) provided supporting information about
the curing reaction. The vinylester system showed higher shrinkage but much faster reaction compared to the
investigated epoxy.
1. Introduction
Adhesive anchor systems are based on polymer matrix systems in
combination with diﬀerent ﬁller materials and additives in order to
modify their properties [1] in terms of mechanical stability during their
service life [2,3], curing and aging behavior [4–6] and compatibility
with targeted materials in the application. Chemical shrinkage during
the curing reaction is a well-known phenomenon of thermosets [7,8]
but it is usually overlapped with thermal expansion [9] since the
crosslinking is an exothermal process. Both contributions, chemical
shrinkage and thermal expansion, determine the residual strains and
stresses and the ﬁnal dimensions of the cured material [10]. In fact, it is
hard to distinguish between these simultaneous processes since they
inﬂuence each other. The performance and life-time of installed ad-
hesive anchors ultimately depends on the residual strain state that is
reached at the end of the curing process. The reason are tensile
eigenstresses that will develop in a conﬁned situation such as a bore-
hole if any ﬁnal shrinkage or expansion is observed. In case of shrinkage
these correspond macroscopically to tensile stresses on the interface
between steel anchor element and borehole and will limit the achiev-
able macroscopic shear bond strength.
The curing process of thermosets can be divided into three char-
acteristic regions [11]. First the mobile monomer molecules exist in a
liquid and behave like a viscous ﬂuid. Their unit volume is deﬁned by
molecule size, Van-der-Waals volume and Brownian motion at the
given temperature [12]. In the second region, the monomers form
chains and mainly grow in linear branches, which then form cross-links
in the third and ﬁnal region, leading to a 3-dimensional rigid network.
This eﬀect is connected to a formation of covalent bonds, reducing the
speciﬁc volume of the system. The extent of shrinkage can be assumed
to be directly proportional to the degree of cure within a speciﬁc for-
mulation. Depending on the monomers, hardener and chemistry of the
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curing reaction (radical polymerization, poly-addition, poly-condensa-
tion), diﬀerent amounts of shrinkage will be obtained due to covalent
bond formation and side products. The type of chemical reaction also
has a direct inﬂuence on the polymerization rate (conversion rate), as
does the stoichiometric ratio of reactants.
Thermal expansion during the curing reaction of a thermoset can be
simply explained by the molecular movement due to thermal energy.
The higher the degree of cure, the lower the space of free motion be-
comes. Highly exothermic reactions lead to a signiﬁcant contribution of
thermal expansion throughout the curing process and may cause re-
sidual stresses in the material after cooling down, involving stress re-
laxation processes [13]. Molecular modeling approaches can be used to
predict the estimated curing shrinkage under speciﬁc conditions. For
instance group interaction modeling (GIM) was shown to predict ac-
rylate and methacrylate polymerization shrinkage in agreement with
experimental data [14]. However, local deviation from the conditions,
chosen for the calculation should be considered for practical applica-
tion.
1.1. Measurement of cure shrinkage of thermosets
Several techniques have been described for measuring cure
shrinkage of thermosetting resins. They can be categorized into two
general approaches: linear shrinkage measurement and volume dilato-
metry [15]. Measuring dimensional changes during the curing reaction
in only one dimension (axial) requires making assumptions in order to
derive volumetric shrinkage. It was shown that for diﬀerent axial
measurement methods (“bonded disc method” and “non-bonded” free
shrinkage method) the sample geometry, adhesion properties and ani-
sotropy of the shrinkage are important factors when calculating the
volumetric shrinkage [16]. Considering these eﬀects, diﬀerent results
may be obtained from linear shrinkage measurement, depending on the
chosen method. In contrast, a volume dilatometer gives direct 3-di-
mensional information about volume change. However, toxic mercury
or water that could potentially inﬂuence the shrinkage was commonly
used in former instruments and pycnometers that are ﬁlled with inert
gas (e.g. He) became more important [17]. It has to be mentioned that
such pycnometers only determine the ﬁnal shrinkage under certain
ambient conditions. Hence, this method cannot be used for in-situ
shrinkage monitoring.
Further approaches describe shrinkage measurement using a rhe-
ometer [8], a method based on changes in time of travel of longitudinal
ultrasonic waves enables the determination of shrinkage and modulus
of thermosetting resins [18] or an optical method using contour video-
imaging of a drop of resin [19]. These approaches mentioned represent
interesting developments for thermosetting shrinkage measurement.
However, they are characterized by certain advantages and dis-
advantages, depending on the case of application. For instance, they
could not be applied to determine the shrinkage of the resin in a che-
mical anchor system that is installed in a borehole.
1.2. Measurement of thermal expansion of thermosets
The linear coeﬃcient of thermal expansion (CTE) can be quantiﬁed
by measuring the dimensional change in length of a material in de-
pendence on the temperature. Possible phase changes at a certain
temperature, such as the glass transition point (Tg) should be considered
for the deﬁnition of the temperature range for the measurement.
A well-established method to measure thermal expansion is the
mechanical dilatometer, which is based on a mechanical sensor that
monitors the displacement while the sample is heated in a surrounding
furnace. This technique is relatively simple but requires precise in-
struments and direct contact to the specimen. Contactless thermal ex-
pansion can be measured via optical methods, such as optical inter-
ference that is based on calculating the path diﬀerence between laser
beams when the sample expands. Another possibility is represented by
speckle pattern interferometry using an interference pattern that is
created on the specimen's surface by two collimated laser beams. The
changes of the pattern are recorded by a camera when the surface ex-
pands due to changes in temperature [20]. This techniques can be used
up to relatively high temperatures of up to 3300 °C using a special setup
developed by Miiller and Cezairliyan [21]. However, expensive equip-
ment for the laser generation and a Michelson interferometer is ne-
cessary.
1.3. Principal of digital image correlation (DIC)
A digital image correlation (DIC) system provides contactless optical
evaluation of strain and displacement of a material. For 3D-measure-
ments, two cameras record the movement of an irregular pattern on the
surface of the specimen from diﬀerent angles. Processing the recorded
images by means of software provides information about the surface
displacement and allows the construction of full ﬁeld strain maps in 3
dimensions [22]. The resolution mainly depends on the quality of the
speckle pattern on the surface of the specimen, light conditions and
distance as well as resolution of the cameras. DIC can be used for
outdoor applications on large scale such as civil engineering structures
as well as for laboratory investigations of small samples. A wide range
and scale of applications as well as relatively low costs for the systems
are advantages of the DIC technique. DIC ﬁnds widespread application
but is mostly limited to solids that allow the application of high-contrast
speckle patterns. The literature on strain measurements during che-
mical curing reactions is scarce in comparison. A one-camera DIC
system was already used to measure chemical and thermal shrinkage of
a resin after gelation [23]. However, the 3D information was not in-
cluded in this data and the resin was pre-heated before starting the
measurement. In this investigation, a simple yet robust method for the
application of a speckle pattern on the surface of still liquid adhesives
was successfully applied and can be recommended.
In this study, the curing reaction of two diﬀerent adhesive anchor
systems with high content of inorganic ﬁllers are investigated by DIC
and a model was developed considering both eﬀects, the chemical
shrinkage due to the crosslinking reaction and thermal expansion,
caused by the exothermal process. One adhesive system reacts within
several minutes and the second system cures on a timescale of hours.
We present a two-camera DIC system as powerful method for measuring
3-dimensional changes in dimensions as an in-situ and contactless ap-
proach.
For practical applications this method provides a powerful tool to
check the actual shrinkage of the adhesive under certain environmental
conditions for the installation of anchor systems in construction work in
order to improve quality and safety standards. The formation of the
interfaces between concrete borehole, adhesive and steel anchor is an
important factor that inﬂuences the ﬁnal capacity of the anchor system,
which is dependent on the shrinkage/expansion behavior of the
polymer among others and has to be taken into account since conditions
in real applications may vary signiﬁcantly.
2. Material and methods
2.1. Materials
Two industrially produced polymer-based adhesive anchor systems
were tested. One with vinylester and the other with epoxy matrix, both
containing relatively high amounts (20 - 50 vol%) of inorganic ﬁller
materials (quartz/cement) with diﬀerent grain size between 5 and
300 μm. The vinylester system consists of methacrylate monomers and
dibenzoyl peroxide (DBPO) hardener, the epoxy system is based on
bisphenol-A/F and m-xylylenediamine hardener.
2.1.1. Sample preparation
The materials were obtained in cartridges with two separated
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reservoirs for resin and hardener. With a press the materials were pu-
shed through a screwed-on mixer tip that automatically ensures the
required mixing ratio. The mixture was directly transferred into a sili-
cone mold with round sample geometry of 15mm diameter and 4mm
thickness and squared sample geometry 15×15×4mm3 as it is
shown in Fig. 1. The mold was coated with PTFE spray before in order
to avoid adhesion of the material to the silicone. Material excess was
removed and ﬁne SiC powder was uniformly sprinkled on the smooth
surface of the sample to provide a statistical speckle pattern for the DIC
measurement. On the bottom of the silicone mold a thin K-type ther-
mocouple wire was placed and the temperature was recorded during
the whole experiment (see Fig. 2).
2.2. Methods
2.2.1. Shrinkage measurement
A digital image correlation (DIC) system was used to analyze the 3-
dimensional deformation of the shrinking sample. Two cameras were
focused on the sample surface, placed in a Teﬂon coated silicone mold,
recording the whole curing reaction.
2.2.2. Thermal expansion measurement
A piece of a cured sample, sprayed with a white paint as under-
coating and a ﬁne black speckle pattern for optimal contrast, was
placed on a plate of a heater. The temperature was measured with a
thermocouple and was used as feedback signal for the heat-controller.
DIC images were recorded while the temperature of the sample was
increased slowly. To calculate the coeﬃcient of thermal expansion
(CTE), the strain from the images of the sample was correlated with the
temperature diﬀerence between the sensor signal and the environ-
mental value.
2.2.3. DSC measurements
Diﬀerential scanning calorimetry (DSC) measurements were
performed on a Netzsch DSC F3 Maia (Netzsch-Gerätebau GmbH,
Germany). Samples were measured isothermally at 30 °C in a closed
40 μL Al crucible. For data evaluation, the software Proteus (Netzsch-
Gerätebau GmbH, Germany) was used.
The samples were measured as fresh mix of resin and hardener by
pressing both components out of a cartridge using a mixer tip. A small
amount of homogenous mix (ca. 10mg) were weighed in a crucible,
closed with a lid and placed in the DSC. A comparable amount of fully
cured sample was used as reference (see Fig. 3).
3. Results and discussion
3.1. Shrinkage behavior
The DIC shrinkage measurements and the monitored temperature
are plotted in Fig. 4. The temperature diﬀerence is given by the heat
release due to the curing reaction, compared to the environmental
temperature. The reason why this temperature diﬀerence does not start
from zero is the fast reaction of the polymer that already starts when
resin and hardener are mixed and hence the temperature of the polymer
is already slightly higher than the environmental when the measure-
ment was started. For the epoxy the shrinkage in terms of engineering
principal strains on the sample surface showed lower values than the
vinylester. In general, the curing reactions of both materials take place
on a diﬀerent time scale with a total curing time of around 300min for
the epoxy and less than 10min for the vinylester. The reaction of the
epoxy is characterized by a maximal temperature diﬀerence of 7 °C
above room temperature with a relatively high resulting thermal ex-
pansion lasting around 120min, followed by a shrinkage reaction that
is connected to a decreasing temperature (Fig. 4a, c). In contrast, the
vinylester shows a fast increase of temperature within around 3min
that has a maximum of 50 °C above room temperature (Fig. 4b, d). Only
a small thermal expansion can be detected within the initial period of
fast exothermal reaction and after that, a fast shrinkage reaction takes
place for the next 5–7min.
In Fig. 5 examples of visual representations of strains on the sample
surface during the curing process are shown. Some small areas (holes)
could not be evaluated because of missing optical information from the
speckle pattern. The image in Fig. 5a shows a round epoxy sample after
~26min and Fig. 5b a squared vinylester sample after ~10min from
the start of the DIC measurement. The total shrinkage of the epoxy was
slightly diﬀerent for the two geometries, showing 0.6mm/m (0.06%)
and 0.9mm/m (0.09%) for the round and square shape, respectively.
This discrepancy could be attributed to the diﬀerent shape but is ex-
pected to be within the accuracy of the measurement for the chosen
Fig. 1. Sample geometry in round and squared shape.
Fig. 2. Schematic illustration of shrinkage measurement using digital image
correlation.
Fig. 3. Schematic illustration of thermal expansion measurement using digital
image correlation.
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specimen dimensions. However, for larger samples or structural com-
ponents shape eﬀects may become signiﬁcant if there are gradients
present in degree of conversion and consequently material properties,
temperature, or humidity. Small deviations were also found for the
shrinkage of the vinylester for diﬀerent shapes. For the round geometry
10.5 mm/m (1.05%) and for the square 11.7mm/m (1.17%) were
Fig. 4. DIC strain measurements during the curing reaction with the corresponding temperature diﬀerence of round specimens for (a) epoxy and (b) vinylester and
square geometry for (c) epoxy and (d) vinylester.
Fig. 5. Visualization of the engineering principal strains on the surface obtained from DIC measurements of (a) epoxy sample in round geometry and (b) vinylester
sample in squared geometry. The unit Strain/mStrain can be interpreted as shrinkage in μm/mm or mm/m.
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obtained for the total shrinkage. The observed diﬀerences due to spe-
cimen geometry and inherent measurement uncertainties are sig-
niﬁcantly smaller than the observed 1 order of magnitude diﬀerence
between the two materials – epoxy and vinylester. In both cases the
engineering principal strains on the surface are distributed homo-
genously for round and square geometry, except for some small spots on
the edges that can be attributed to adhesion eﬀects to the mold.
However, these adhesion eﬀects are rather low due to the PTFE spray
that was used as release agent.
Results obtained for the shrinkage of both thermosets (epoxy and
vinylester) correspond to expectations from literature. For usual un-
ﬁlled epoxy a total curing shrinkage between 2% and 6% was reported
[15]. Usually unsaturated polyesters show more curing shrinkage than
epoxy, within a range of 7–10% [24]. When using ﬁller material
shrinkage can be signiﬁcantly reduced [25]. Common ﬁller materials
like sand, silica, clay, quartz, alumina or metal powders are added to
reduce the shrinkage behavior among others [26].
3.1.1. DSC measurements
From the DSC ramp tests performed between 1 °C and 160 °C with a
heating rate of 10 K/min as shown in Fig. 6, the reaction enthalpy (ΔH)
of the full curing reaction was obtained as diﬀerence between the ﬁrst
measurement and the baseline obtained in a second ramp test of the
same already cured specimen. The measurements were repeated thrice
in order to quantify measurement uncertainties. In case of both mate-
rials an exothermal reaction is observed, since chemical energy is re-
leased from the material due to the formation of more stable chemical
bonds between reactive groups. It can be observed that for the epoxy
the curing reaction is much slower and much more exothermal
(ΔH≈−361 ± 1% J/g) than for the vinylester (ΔH≈−55 ± 4% J/
g) at the same temperature of 30 °C. The reaction of the epoxy (Fig. 6a)
and vinylester (Fig. 6b) ﬁnish within approximately 6 h and 20min,
respectively. This curing behavior can be attributed to the nature of the
diﬀerent chemical reactions. The epoxy curing reaction is based on an
addition reaction of amine-groups of the hardener to the epoxy-groups
of the resin, whereas the vinylester reacts via a radical mechanism
between double-bonds of the side chains.
In terms of shrinkage behavior, the exothermic nature of the curing
reaction is important information in order to diﬀerentiate between
chemical shrinkage and thermal expansion since the optical strain
measurements contain both components. Initially, thermal strains are
determined by the rapid heat release following the DSC signal. The
second phase of the shrinkage measurements is inﬂuenced by the
cooling behavior after the reaction has ﬁnished which is determined by
thermal conductivity of the material and natural heat exchange with
the environment.
3.2. Thermal expansion
The coeﬃcient of thermal expansion (CTE) was obtained by plotting
the strain over temperature. The slope of a linear ﬁt represents the CTE
at diﬀerent states of the polymers. In Fig. 7a the CTE of the epoxy
between 30 °C and 57 °C is in the range of 0.05mm/mK and above that
temperature the CTE increases by one order of magnitude to about
0.5 mm/mK between 59 °C and 64 °C. The CTE of the vinylester in
Fig. 7b changes from around 0.03mm/mK between 26 °C and 50 °C to
the double value of 0.06mm/mK between 50 °C and 78 °C. Between the
two states of the polymers a certain transition region can be identiﬁed.
For the epoxy some data points were excluded for the regression,
marked with triangles. The correlation coeﬃcient (R2 > 0.97) in-
dicates a good ﬁt for both regions. Data of the vinylester measurement
showed scattering and the ﬁt quality is lower (R2 > 0.90). Probably
surface reﬂections and less optimized light conditions on the surface of
the vinylester led to the scattering of the DIC data.
These results support the assumption of using two diﬀerent values
for the CTE in the solid and viscous (rubbery) state of the polymers. The
initial state of the unreacted mix of hardener and resin is not the same
as the viscous state of a cured polymer at higher temperature. However,
the magnitude of diﬀerent CTE between solid (s) and viscous (v) state
for both polymers can be estimated.
3.3. Modelling of shrinkage
The model for the shrinkage of the materials contains both eﬀects,
the chemical shrinkage due to the formation of bonds forming denser
networks and the thermal expansion because of the exothermal curing
reaction of resin and hardener followed by a cooling phase. Thermal
shrinkage takes place when the reaction rate decreases and the tem-
perature drops.
In this model chemical shrinkage (Δε) only depends on time (t), the
maximal strain (ε0) and a reaction constant for the chemical reaction
(τ). Shrinkage due to the chemical reaction starts at =t t0:
⎜ ⎟= ⋅⎛
⎝
− ⎞
⎠
⋅ −−
−( )Δε ε e Θ t t1 ( )t tτ0 00
(1)
The above equation describes the strain of the adhesives due to
polymerisation (Fig. 8a). At =t t0 the reaction starts and the material
begins to shrink. In the following range the shrinkage is proportional to
Fig. 6. DSC ramp measurements of the epoxy-based (a) and the vinylester-based (b) material of the fresh mix from the cartridge.
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the not-yet-reacted polymer and therefore it follows an exponential
decay. The Heaviside step function (Θ) equals 0 for negative arguments
and 1 for positive arguments. In general many chemical reaction can be
described by exponential equations depending on time and a reaction
constant so it can be assumed that proper results can be obtained also
for the chemical shrinkage of a polymer.
Due to the exothermal polymerisation reaction the temperature
increases and leads to thermal expansion, competing with the curing
related shrinkage. The thermal expansion or shrinkage depend on time,
Fig. 7. Thermal expansion of epoxy (a) and vinylester (b) in two diﬀerent ranges. The ﬁrst slope represents the CTE in the solid state and the second slope at higher
temperatures indicates the CTE in the viscous state above the Tg.
Fig. 8. The two parts of the shinkage model cover the chemical shrinkage reaction (a) and thermal expansion (b).
Table 1
Coeﬃcient of thermal expansion (CTE) measured by DIC for epoxy and viny-
lester in solid (s) and viscous state (v).
Material CTE (v) CTE (s) mean CTE (v + s)
mm/mK mm/mK mm/mK
Epoxy 0.472 0.051 0.261
Vinylester 0.060 0.028 0.044
Table 2
Results of the DIC shrinkage measurement and obtained CTE and constants from modelling of the measured shrinkage curve.
Material Geometry DIC strain, ε Model strain, ε CTE (l), αl CTE (s), αs Reaction constant, τ Reaction delay, t0
mm/m mm/m mm/mK mm/mK min min
Epoxy round −0.56 −0.60 0.182 1.10 63.2 87.3
Epoxy square −0.91 −0.88 0.202 0.443 41.0 129.6
Mean: −0.73 −0.74 0.192 0.772 52.1 108.5
Diﬀerence (%): 62.4 47.1 10.8 59.8 35.0 48.4
Vinylester round −10.49 −10.31 0.142 0.062 0.30 2.30
Vinylester square −11.66 −11.67 0.024 0.063 0.32 3.28
Mean: −11.08 −10.99 0.083 0.062 0.31 2.79
Diﬀerence (%): 11.1 13.2 83.1 2.8 6.8 42.7
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temperature diﬀerence (ΔT ), the reaction constant and the two in-
dependent thermal expansion coeﬃcients in solid (αs) and liquid or not-
yet reacted polymer (αl). The model consists of three parts: The ﬁrst
term describes the thermal expansion of the liquid resin before the main
reaction starts, <t t0. The second term starts at >t t0 and describes the
thermal expansion of the solid (already hardened resin) and the liquid
phase (not-yet hardened resin). With increasing time, the amount of
liquid phase diminishes as the amount of the solid phase increases. The
shrinkage is described by the following equation:
⎜ ⎟⎜ ⎟= ⎛
⎝
⋅ − + ⎛
⎝
− ⋅ + ⎞
⎠
⋅ − ⎞
⎠
− −( )Δε ΔT α Θ t t α α e α Θ t t( ) ( ) ( )l l s
t t
τ s0 0
0
(2)
The above equation is shown in Fig. 8b. Note that expansion cor-
responds to positive strain in the diagram.
Due to the obvious diﬀerence in thermal expansion coeﬃcient of
liquid and solid state of a polymer, the equation for thermal shrinkage/
expansion was split into two terms. For each domain the aforemen-
tioned model parameters (α α τ t, , ,l s 0) were identiﬁed by ﬁtting the
measured strain vectors with model predictions obtained using the
measured temperature diﬀerences as input. The resulting values are
listed in Table 2. Comparing the modelled strain with DIC measure-
ments demonstrates good agreement for both materials and both
sample geometries (Fig. 9). The observed oscillations in the model
predictions stem from the measurement noise in the temperature input
data. For the epoxy in Fig. 9a,c the initial ~100min of the model
slightly deviate from the experiment but show accordance after that
time period. In case of the vinylester only small diﬀerences were ob-
tained between model and experiment (Fig. 9b,d).
The CTE that were obtained from the shrinkage model (Table 2) can
be compared with the values from the measurements of thermal ex-
pansion (Table 1). It can be seen, that the CTEs for the solid phase of the
model (Table 2) are close to the CTEs of the viscous state from thermal
expansion experiments. For the vinylester, the averaged calculated CTE
(round and square samples) of the solid state =α 0.062 mm/mKs is
pretty much the same as that measured with the thermal expansion
experiment =α 0.060 mm/mKs , and in the case of epoxy the averaged
value from round and square specimen is =α 0.772 mm/mKs and the
viscous CTE =α 0.472 mm/mKs are still close together. It might be
concluded, that the CTE (s) from curing experiments describes a status
nascendi of the material and therefore corresponds more to the CTE (v)
from the thermal expansion experiment above the glass transition
point.
From the thermal expansion experiments two diﬀerent states of the
cured polymers were obtained. First, the CTE of the solid (polymerized)
state was calculated from the slope in the temperature-strain diagram.
Fig. 9. DIC measurements of the strain during the curing reaction for the epoxy-based (a, c) and the vinylester-based material (b, d) is shown together with the
modelled strain for round and square sample geometry.
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Secondly, the viscous state was reached at elevated temperature, which
is connected to the glass transition region. This state is characterized by
a drop of mechanical properties and change in other physical properties
due to a certain softening of the material. In contrast to thermoplastics,
which have a reversible liquid state, crosslinked thermosets have no
liquid state at higher temperature.
For the shrinkage measurements it was assumed that no adhesion
eﬀects between material and the mold occurred. However, small in-
ﬂuences due to adhesion cannot be fully excluded, since both materials
are very sticky. For the DIC based evaluation of shrinkage, areas on the
specimen surface were deﬁned without considering the outer edges.
Further, the model assumes homogenous shrinkage in the whole ma-
terial, which can be conﬁrmed at least for the surface by DIC mea-
surements.
4. Conclusions
A contactless measurement of curing shrinkage and thermal ex-
pansion based on 3-dimensional optical digital image correlation (DIC)
was presented. The method was tested on two diﬀerent polymers
(epoxy, vinylester) and provided excellent results in spite of the initially
liquid state that complicated the application of stable yet good quality
speckle patterns. The resulting curve was modeled considering che-
mical shrinkage due to the formation of a dense network and thermal
expansion by the exothermal reaction of thermosets. The exothermal
reaction enthalpy was measured by DSC and the temperature proﬁle
during the curing process was recorded with a thermocouple. Total
shrinkage of the vinylester was approximately one order of magnitude
higher compared to the epoxy. Thermal expansion measurement results
and the shrinkage model showed good agreement considering that the
coeﬃcients of thermal expansion (CTE) for the viscous state should be
better compared to the CTE(s) derived from the shrinkage model. The
CTE(s) from the shrinkage model are values derived from an excited
state of the system in status nascendi, which has not yet reached a
stable conﬁguration at room temperature. Reckon the conﬁguration of
the system, the CTE from the vinylester are more or less identical for
both kind of experiments and the mean values for the epoxy are only
63% higher in the thermal expansion experiments, which in absolute
values is in the range of half the diﬀerence of the CTE(s) determined
between round and square specimens.
In conclusion, a powerful application of DIC as an accurate, con-
tactless and ﬂexible measurement method of thermoset shrinkage was
presented, supported by a model approach that allows the separation of
the curing process into the two simultaneous phenomena of chemical
shrinkage and thermal expansion.
Data availability
The underlying experimental data consists of large series of pictures
for the digital image correlation that cannot be made available online.
However, the data is available on request.
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